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Abstract—Microgrids technology is the cornerstone of smart
grid, the electricity network of the future. Based on distributed
generation, microgrids can contribute to increase the
penetration rate of renewable energy resources and hence
reduce costs and gas emissions. This paper presents a new
design methodology, based on Hamiltonian Surface Shaping and
Power Flow Control (HSSPFC), for a decentralized control of
isolated microgrids (ImGs) with multiple distributed energy
resources (DERs). The local controllers insure the stability of the
overall ImG while regulating the voltage at the point of common
coupling (PCC) of their respective DERs. Each controller is
synthesized independently, using only local information on the
corresponding DER, its dedicated load, and the corresponding
line. This decentralized control procedure guarantees scalability
and plug-and-play (PnP) operations of the ImG.

Index Terms—Decentralized control, distributed power
generation, microgrids, smart grids, voltage source converters.

1. INTRODUCTION

The control strategies for microgrids have been
extensively discussed and documented in the technical
literature [1]. These strategies are hierarchically divided into
three control levels: primary control, secondary control, and
tertiary control [2]. The primary control has the fastest
response, and is responsible for load sharing among
distributed energy resources (DERs), voltage and frequency
regulation, and plug-and-play (PnP) capability for new DERs.
The secondary control restores the voltage and frequency, in a
centralized manner, by compensating the deviation caused by
the primary control. Tertiary control guarantees economical
and optimal operations of the microgrid on the long term.

Different control methods have been adopted for the
primary control level. Two main categories can be identified
[3]: 1) The active load sharing method that requires high
bandwidth communication for power measurements and
coordination between geographically dispersed DERs. While
it ensures accurate load sharing, this method requires
expensive communication infrastructure, and can cause the
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collapse of the entire microgrid in case of communication
failure (single point of failure). 2) The droop characteristic
method which is a communication-free method that tries to
emulate the droop characteristics of synchronous machines for
the power balance of electronically-coupled microgrids.

The primary control of isolated and autonomous
microgrids has been well investigated in the recent years.
Reference [4] proposes multivariable servomechanism control
for an autonomous single-DER microgrid. A digital
multivariable design of a voltage controller for a single-DER
microgrid is presented in [5]. The control strategies of both
references perform proper regulation of voltage and are robust
to load parameter changes. However, they did not investigate
the interactions between DER units, since they focused on
single-DER  microgrids. Reference [6] introduces a
generalized decentralized robust control strategy for
autonomous operation of a multi-DER microgrid. A
centralized power management system collects measurements
from the DER units, calculates power and voltage set points,
and communicates these appropriate set points to the
decentralized servomechanism controllers. The main
drawbacks of this strategy are: 1) The power management
system relies on a low-bandwidth communication, that will
jeopardize the entire system in case of interruption or failure.
2) The design of the controllers is based on the model of the
overall microgrid, which makes the scalability of the system
very difficult. Reference [7] presents a decentralized control
design procedure for isolated microgrids (ImGs) with meshed
topology. The proposed design procedure enables PnP
operations and maintains the stability and the performance of
the ImG. Still, this design procedure is not fully decentralized
as it requires, in addition to local information, the knowledge
of two global scalar quantities.

This paper presents a decentralized control design based
on Hamiltonian Surface Shaping and Power Flow Control
(HSSPFC) [8] that overcomes the interdependency and
scalability issues when synthesizing the decentralized
controllers. The objective is to demonstrate that the local



controllers 1) can be designed independently using only the
model of the correspondent subsystem, 2) can regulate the
voltage at the point of common coupling (PCC) of their
respective DERs, 3) can stabilize the overall ImG.

The rest of this paper is organized as follows. In Section II,
we describe the ImG and present the dynamical state-space
models of the subsystems and the overall ImG. HSSPFC
decentralized control design is presented in Section III.
Section IV investigates the ability of the local controllers to
stabilize the overall ImG. Section V concludes this paper.

II.  ISOLATED MICROGRID MODEL

In this section, we present the ImG studied in this paper
and derive the state-space models. We consider the ImG in
Fig. 1 consisting of a typical radial distribution feeder with N
subsystems. Each subsystem & (k=1,...,N) is composed of:

e A DER unit represented by a dc voltage source (e.g.
generic renewable energy source), a voltage sourced
converter (VSC), and a series (R, , L, ) filter.

e A dedicated load modeled as a three-phase parallel
RLC network.

e A line with nonzero impedance (R, , L, ), connecting

the kth and the (k+1)th subsystems in a loop fashion
(i.e. the last N#h subsystem is connected to the first
subsystem).

Figure 1. Schematic diagram of the isolated microgrid

The single-line diagram of the kth subsystem, shown in
Fig. 2, is used to derive its state-space equations in the abc-
frame for k=1, ...,N:

dv,

 abe Vi abe
i k,abc - _ k,abc 1
dt R,
dl

k,abc
T dt
ILk ,abc

Yoar

dl
=V R, I -V

1 dt = Vkabe — Nk 1y, ,abc (k+1),abc

k,abe ILK Jabe 1[,( ,abc [/(k,]) ,abc

= _Vk,abc - R,/; Ik.abc +7,

. ,abe

(M

=V,

k,abc - RLk

1

L; ,abc

1, ,abc

Note that, for k=1, [, =1, which corresponds to the

line current of the Nth subsystem, and for k=N, V=V,

which corresponds to the voltage at the PCC of the first
subsystem.
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Figure 2. Single-line diagram of the &tk subsystem

Each variable in (1) is a 3x1 vector composed of the three
phase quantities. Assuming balanced three-phase subsystems,
we apply the Park’s transformation to (1) and derive the state-
space model of the kth subsystem in a dg-frame rotating with
speed @, , giving
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The subsystem equations (2) can be represented as a
descriptor state space model with the following form:

{Ekxk ()= A, x, () + B, () +E,()

3
yk(t):Ckxk(t) ( )
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input, and the controlled output of the kth subsystem,
respectively. & =4, x,_,+4,,x, 1is the coupling
interaction with both the (k-1)th and the (k+1)th subsystems.
The matrices in (3) are
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Next, we derive the state-space model of the overall
system. It is worth mentioning that the N subsystems are
disjoint [9]. In other words, the states of the subsystems are

not overlapping; a state space variable cannot be found in two
different space vectors. Hence, the descriptor state-space
model of the overall ImG is

{EX(t) = Ax(t) + Bu(?) @
¥(1) = Cx(1)
where  x=(x,...,x,)eR*", wu=(y,...,uy)eR* and

Y=(5---»yy) € R*" . The matrices in (4) are

[E, 0 - 0
0 E - 0
o .
10 0 E,
i All AlZ 0 0 AlN ]
4, B 0 0
0 :
A=| . . .
. . 0
0 0 Ay
L N1 0 0 ANN—I ANN i
B, 0 0 ¢ 0 0
0 B 0 0 C, 0
B= C=| .
|0 0 - B, 0 0 - Cy

III.  DECENTRALIZED HSSPFC DESIGN

In this section, we present a decentralized control design
procedure based on HSSPFC. The local controllers will be
designed in a decentralized fashion based on the nominal
model of the corresponding subsystem only, without requiring
any information about the other subsystems.

We consider the nominal model of the k#h subsystem
without the coupling term &, given by

{Ek %, (1) = (Ay + A, )x, (1) + B, (¢) )

Vi (t) = Ckxk (t)

where 4, is the sum of a diagonal matrix, 4, and a

skew-symmetric matrix, A, . Based on HSSPFC, we design a

proportional-integral (PI) controller such that the nominal
closed-loop subsystem is asymptotically stable. First, we
define an error state for the nominal model (5)

X = Xy =% (6)

where x, . is the reference state. The values of the

reference state can be set by the system designer, the droop
calculation, or a power management system. Given the

reference state x, .., the reference control input, u, .. is

calculated from the following expression:



Ex, . ()= (Zkk + ;Ikk )xk‘re/ O+ By, () (7

From (5) and (7), the dynamics of the error state are given
by

E % (6) =( Ay + 4y )%, (0)+ BAu, (1) (8)
where Au, =u; ,, —u; .
Now, we choose the PI controller as
Au, =K, %, - K, [ %dz 9)

where K, and K, are positive definite gain matrices. We
replace Au, in (8) with the right-half side of (9)

Z - ~ ~ t
E& ()=(4, + A, - BK, )% ~BK, jo zdr.  (10)

Hence, the model of the it/ closed-loop subsystem is

E. 0 %] A, +4,-BK, -BK, |[%, an
0 BkK,k B Vi

¥, BK, 0
where ¥, :I;ikdr, and %, =(%,,v,) is the state of the
closed-loop subsystem.

Next, we define the Hamiltonian of the kth closed-loop
subsystem as

R 1 .. E 0
H,(x,)= T|: ‘

2% 0 BK, }x“

_1 )Ek ' Ek 0 56/(
“2[9 ]| 0 BK, |7
1 ~ ~ 1 r_ t
= EkaEkxk +5(.[0 x,fdr)BkK,k (.[0 xkdr).

(12)

E, is positive definite, and by choosing K, such as
B.K, is also positive definite, we will guarantee the static

stability condition: A, >0 [8] which is a necessary condition
for stability. The time derivative of the Hamiltonian is

- T -7 ‘-
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since A4, isaskew-symmetric matrix, X, 4,%, =0.
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H, (x,) =%, 4,%, — %, BkKPk Xy

% BK, [ Rdr+ZBK, [ Fdr  (14)

=% (B,K, — 4y )%, <0, V%, #0

Equations (12) and (14) guide the choice of the PI
controller gains. Furthermore, since the Hamiltonian
derivative is negative semi definite, the subsystem is not
necessary asymptotically stable. In order to prove asymptotic
stability, the higher order derivatives of the Hamiltonian (the
Lyapunov function candidate) are investigated [10].

Theorem. [10]

Assume there exists a Lyapunov function V(x) of the
dynamical system x= f(x). Let Q be a non-empty set of
state vectors such that

xeQ=V(x)=0.

If the first k-1 derivatives of V(x), evaluated on the set Q) , are
zero

dV(x) _

. 0 VxeQ
dt'

i=1,2,..k-1

and the kth derivative is negative definite on the set Q

d'V(x)

—~ <0
dr'

VxeQ

then the system x(t) is asymptotically stable, if k is an odd
number.

We apply this Theorem. to our closed-loop subsystem,
and we consider the Hamiltonian from (12) as a Lyapunov
function candidate. The set of state vectors €2, where

% e€Q =H/(x)=0
is
~ ~ t~ ~
Q, :{xk :(xkajoxk)‘xk :0}-

For the first order time derivative of the Hamiltonian (12),
we have

H, =% (BK, —4,)% =0 for % =0 (I3
then
H, (%)=0 V%, €Q,. (16)

For the second order time derivative of the Hamiltonian,
we find
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The third order time derivative of the Hamiltonian is
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for X, =0 we have
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then
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Since the first non-zero higher order derivative of H, is of
odd order and is negative definite on€2, , the kth closed-loop
subsystem is asymptotically stable.

IV. DECENTRALIZED CONTROL OF THE IMG

After designing controllers in a decentralized manner , we
investigate, in this section, the ability of this decentralized
controllers to stabilize the overall ImG.

We define an error state for the overall ImG system (4)
56 = xref' -X (22)
where X =(X,,...,X,) and Xyor = (xref’l,. "’xreff‘,N) )

Now, we define the Hamiltonian of the overall closed-loop
system as

IR U ‘.
H=> Ex+E(I0xkdr)BK,(onkdr) 23)

where K, =diag(K,

definite. Thus, the Hamiltonian H is also positive definite,
and the overall ImG is statically stable. The time derivative of
the Hamiltonian is

,..K; ). E and BK, are positive
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with K, =diag(K,....,K, ). Note that for all k€ {l,...,N}

> Akk+1
also be written as the

=4/, and A, = 4, + A, . Which proves that 4 can
sum of a diagonal matrix,
A=diag(4,) and a skew-symmetric matrix, 4=A—4,
then ¥ A% =0 and
H(%)=x"A%-%"BK %

%" BK, [ #dz + %' BK, | %

=-%"(BK, - A)x (26)

- g[—x[ (BK, -4, )x]

N
=Y H, <0, VZ=#0.
k=1
For asymptotic stability, the time derivative of the

Hamiltonian A is required to be negative definite. Thus, we

should investigate the higher order derivatives of the

Hamiltonian in order to prove asymptotic stability.

We calculate the second order derivative of the Hamiltonian:
From (26), the set Q where H =0 is Q=0Q, x...xQ, .

We calculate the second order derivative of the Hamiltonian:

jo 41
dt

N .o
= ZHk
k=1

=0 VxeQ.

The third order derivative of the Hamiltonian of the overall
closed-loop ImG is

27



N
H=Y H <0 VieQ

k=1

(28)

Therefore, the overall closed-loop system is asymptotically
stable. This result proves the ability of the decentralized
controllers to stabilize the overall ImG.

V. RESULTS AND DISCUSSIONS

In this paper, a new method to design controllers for a
decentralized control of ImGs with multiple DERs was
presented. We should note that:

1) The HSSPFC decentralized controller can guarantee
stability and increase performance of the overall
system. Indeed, the eigenvalues of the overall closed-
loop system, shown in Fig. 3, are more distant from
the imaginary axis than those of the overall open-
loop system, which means that the time response of
the overall system is improved.

Eigenvalues of the overall open-loop system
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Figure 3. Eigenvalues of the overall open-loop and closed-loop systems

2) By designing decentralized controllers that stabilize
the overall system; using only local information on
the corresponding DER, its dedicated load, and the
corresponding line; we have theoretically showed
that this method guarantees scalability and offers
PnP operations.

3) In future work, the proposed method will be used to
perform modeling and simulation of our new testbed,
at the Mohammadia School for Engineering in Rabat,
that requires scalable controllers with the PnP
feature.

VI. CONCLUSION

The goal of this paper was to demonstrate that the
proposed decentralized control design approach guarantees
stability and performance, and facilitates the scalability and

the PnP operations of new DERs in the ImG. The
mathematical equations of the ImG were developed, and the
state space models of the subsystems were derived.
Hamiltonian Surface Shaping and Power Flow Control was
used to design decentralized local controllers that stabilize the
overall ImG, relying only on local information.
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